In humans, the functional loss of the fragile X mental retardation protein (FMRP) causes the fragile X syndrome (FXS), a severe form of inherited mental retardation (1) (2) (3) (4) . In the brain of both humans and mice, FMRP deficiency results in a significant change in both dendritic spine morphology and synaptic function (5) (6) (7) (8) (9) . FMRP is an RNA-binding protein that is thought to primarily act as a repressor of mRNA translation. Among other subcellular regions in neurons, FMRP appears to exercise this control function at postsynaptic sites. It has been hypothesized that in dendrites FMRP locally controls the synthesis of proteins, such as components of the postsynaptic density (PSD), which regulate both dendritic spine morphology and synaptic function (2, 9, 10) . The PSD is a complex protein network lying underneath the postsynaptic membrane of excitatory synapses (11) (12) (13) . It serves to cluster glutamate receptors and cell adhesion molecules, recruit signaling proteins and anchor these components to the microfilament-based cytoskeleton in dendritic spines. To combine these functions the central layers of the PSD consist of several scaffold proteins such as members of the PSD-95, SAPAP/GKAP and Shank/ProSAP families. Due to their capacity to directly interact with many different PSD components and regulate the size and shape of dendritic spines, Shanks in particular are assumed to represent master scaffold proteins of the PSD (11) . Activity-dependent changes in the PSD composition are thought to represent a molecular basis for most principal brain functions, including learning and memory. Several of these long-term synaptic changes and learning paradigms critically depend on dendritic protein synthesis (14) (15) (16) (17) . Interestingly, mRNAs encoding some of the central components of the PSD, such as Shank1-3, SAPAP3, PSD-95 and AMPA-type glutamate receptor subunits, are present in dendrites (18) (19) (20) (21) (22) (23) .
As FMRP has been implicated in the local regulation of mRNA translation at synapses, one crucial question is, which postsynaptic proteins are affected by the loss of FMRP in a quantitative manner and may thus contribute to abnormal dendritic spine morphology and impaired synaptic plasticity. To specifically address this question we took advantage of the possibility to isolate PSDs. In PSD fractions prepared from two major brain areas of wild-type and FMRP deficient mice we compared the levels of major scaffold proteins and glutamate receptor subunits. Thereby, we identified a select group of postsynaptic proteins, including the central scaffold protein Shank1, which are enriched in PSDs of FMRP deficient mice. Functional data further suggest that FMRP represses translation of Shank1 transcripts in neurons via an interaction with its 3' untranslated region (3'UTR). This translation block is abolished upon the activation of metabotropic glutamate receptors (mGluR). Thus, a deregulated postsynaptic synthesis of Shank1, a master scaffold protein of the PSD, may significantly contribute to the aberrant dendritic spine morphology caused by the absence of FMRP.
Experimental Procedues

Animals, cell culture, transfection and luciferase assays-Fmr1
-/-mice (B6.129P2-Fmr1 tm1Cgr /J strain, Jackson Laboratory, Bar Harbor, ME) were maintained on a C57BL/6J background. Tissue was dissected from different brain regions of adult male Fmr1 -/-and congenic C57BL/6J wild-type mice raised in the animal facility of the University Hospital Hamburg-Eppendorf. Cortical neurons were prepared from mouse embryos (embryonic day 18) and grown in NEUROBASAL medium (Invitrogen GmbH, Karlsruhe, Germany). For luciferase assays with unstimulated neurons cells were transfected seven days after plating and harvested one day after transfection (24) . Transfection efficiencies were in the range of 3-5%. Neurons transfected 14 days after plating were one day later treated with 0,1 mM (s)-3,5-dihydroxyphenylglycine (DHPG; Sigma Aldrich, Munich, Germany) for 10 min at 37°C and harvested after stimulation. The Dual-Luciferase Reporter Assay System (Promega GmbH, Mannheim, Germany) was used according to the manufacturer's recommendations with cell extracts prepared 24 hours after transfection.
Biochemical cell fractionation, antibodies and
Western blot analysis-From mouse cortices and hippocampi cytosolic, synaptosome and PSD fractions were prepared as essentially described (25) , snap frozen in liquid nitrogen and stored at -80 C. GST fusion proteins containing amino acid residues 722-776, 636-699 and 694-747 of rat SAPAP1 (GenBank accession no. NP_075235), SAPAP2 (P97837) and SAPAP3 (AAS90634) were used to raise and affinity-purify custom rabbit polyclonal antisera #5280, #5281 and #5269 (Pineda, Berlin, Germany), respectively. Antibodies directed against PSD-95 (26), SAP97 (27) Western blots were performed as described (34) . Immune complexes were visualized with the Lumi-Light Western Blotting Substrate (Roche Diagnostics, Mannheim, Germany) on X-ray films (Kodak GmbH, Stuttgart, Germany). After scanning of the films, the intensity of individual signals was determined by densitometric measurement using ImageJ software. Statistical data analysis-Data generated in entirely independent experiments were analyzed with a two-sided paired student´s t-tests (level of significance α = 0,05). Results obtained from clustered experiments, such as those using identical PSD or RNA preparations, were analyzed with a linear mixed models application that considers the clustered structure of the experiment (SPSS 15.0.1, SPSS Inc., Chicago, USA, 2006; level of significance α = 0,05). RNA preparation, Northern blotting, immunoprecipitation and real-time reverse transcription polymerase chain reaction-Total RNA from mouse brain cytosolic and synaptosome fractions was isolated using TRIzol reagent (Invitrogen) and Northern blots were generated using the formaldehyde method (35) . cDNA fragments containing nucleotides 259-408 and 23-1128 of the mouse PSD-95 (GenBank accession no. NM_001109752) and human β-actin cDNA (DQ890960.2), respectively, were labeled with P 32 -containing nucleotides using the Rediprime II labeling system (GE Healthcare, Munich, Germany) and used to probe blotted RNAs. Labeled bands were visualized using a BAS-1800II phosphoimager (Fujifilm, Düsseldorf, Germany) and X-ray films (Kodak). Immunoprecipitations from brains of adult Fmr1 -/-and wild-type mice with antibodies against FMRP and PABP as well as irrelevant IgG, extraction of RNA from immunoprecipitates and real-time RT-PCR were performed as described (36) . Reverse transcription (50°C for 50 minutes) was directly followed by gene-specific amplification (initial strand separation at 94°C for 15 min; 40 cycles of each 94°C for 15 sec, 58°C for 30 sec and 72°C for 30 sec). Transcript levels of hypoxanthine-guanine phosphoribosyltransferase were used for normalization as described (37) . Levels of PSD-95, SAP97, SAPAP1, SAPAP2, SAPAP3, Shank1, NR1 and GluR1 mRNAs were quantified using gene-specific primers PSD-95-fw
and Shank1-rev (5'-ATGCGAGGCCGCCAGGCCCA-3'), NR1-fw (5'-AGCCAGGTCTACGCTATCC-3') and NR1-rev (5'-TAGGGTGGTACGGTGCGAAG-3'), NR2B-fw (5'-AGAGGTGGTTGACTTCTCTGTGCC -3') and NR2B-rev (5'-TGAAGTATTCAAAGACAAAGACAGC-3'), GluR1-fw (5'-ACCACTACATCCTCGCCAAC-3') and GluR1-rev (5'-TCACTTGTCCTCCACTGCTG-3'), respectively. The concentration of IRSp53 mRNA was quantified using the Mm_Baiap2_1_SG QuantiTect Primer Assay (Qiagen, Hilden, Germany; QT01061431). Data analysis was performed using REST-2005 software (38) . Eukaryotic expression vectors-pFiRe-basic, a derivative of pBicFire (39) , contains two recombinant genes, both of which are controlled by independent cytomegalovirus (CMV) immediate-early promoters and encode Photinus (PhoLuc) and Renilla luciferase (RenLuc), respectively. To create pFiRe-Shank1, the cDNA sequence in the PhoLuc gene of pFiRe-basic that encodes a short synthetic 3'UTR was exchanged for a cDNA region corresponding to nucleotides 6593-7180 of the rat Shank1 3'UTR (GenBank accession no. NM_031751).
RESULTS
To identify changes in the molecular framework of the PSD occurring in Fmr1 -/-(knockout) mice we compared the levels of different scaffold proteins in PSD fractions prepared from neocortices and hippocampi of knockout and wild-type animals. Successful enrichment of PSDs was documented by a strong increase in the levels of the N-methyl-D-aspartate (NMDA) type glutamate receptor subunit NR1, a known PSD component, in successive steps of the purification protocol as compared to β-tubulin (a known contaminant of PSD fractions; figure 1A ). Also, FMRP is clearly detectable in brain homogenates of wild-type but not FMRP knockout animals (figure 1B). For the comparative analysis of PSD fractions equal protein amounts were analyzed by Western blotting with specific antibodies (figure 1C and E). Relative levels of individual proteins in the PSD of FMRP deficient versus wild-type mice were determined by densitometric measurement of the respective immunochemical signal normalized to the β-tubulin signal intensity (figure 1D and F). In neocortical and hippocampal PSD fractions obtained from two months old animals levels of PSD-95 and SAP102 were similar in FMRP deficient and wild-type mice. The concentration of Shank1 however was strongly increased in both the neocortex and hippocampus of FMRP deficient as compared to wild-type animals. In contrast, SAPAP1 and Shank3 levels were only elevated in neocortical PSD preparations, whereas SAPAP2, SAPAP3 and IRSp53 concentrations were selectively increased in hippocampal PSD fractions prepared from knockout animals. Finally, levels of SAP97 and Chapsyn were significantly decreased in neocortical but not hippocampal PSD preparations obtained from FMRP deficient mice. In PSD fractions prepared from juvenile mouse brains (two weeks after birth) some of these changes were already apparent, such as increases in neocortical levels of SAPAP1 and Shank1, an elevated concentration of SAPAP2 in the hippocampus and a decrease in neocortical SAP97 levels. However, increases in hippocampal SAPAP3, Shank1 and IRSp53 concentrations were only observed in two month old animals. One crucial function of scaffold proteins in the PSD is to anchor neurotransmitter receptors in the postsynaptic membrane. Thus, we also analyzed whether the observed changes in scaffold protein levels affect the abundance of glutamate receptors in the PSD ( figure 1C and D) . As compared to wild-type mice, glutamate receptor subunits NR2A, GluR2/3 and GluR4 were slightly, but not significantly enriched in PSD fractions of FMRP deficient mice. In contrast, the NMDA receptor subunit NR1 was increased in both the neocortex and hippocampus of knockout animals, whereas elevated levels of NR2B and GluR1 were only observed in the hippocampus and neocortex, respectively. Increases in NR1 and GluR1 levels were already apparent in juvenile FMRP deficient mice, while postsynaptic NR2B concentrations appear to rise thereafter. Taken together, the loss of FMRP results in an increased abundance of the scaffold proteins SAPAP1, SAPAP2, SAPAP3, Shank1 and IRSp53 as well as the glutamate receptor subunits NR1, NR2B and GluR1 at synapses. While most changes become manifest until the end of the second week after birth others occur rather late during postnatal development. Moreover, the absence of FMRP affects some PSD components differentially in neocortical and hippocampal neurons, respectively.
Next we wanted to determine whether altered levels of individual proteins at synapses of FMRP knockout mice correlate with changes in the concentration of their corresponding mRNAs. Thus, we first sought to establish a control mRNA whose levels are identical in the brains of FMRP deficient and wild-type mice. A Northern blot analysis carried out with total RNA extracted from the neocortex showed that PSD-95 mRNA levels are identical in the cortex of FMRP deficient and wild-type mice (figure 2A). This result was confirmed by real-time RT-PCR analysis with template RNA extracted from both the neocortex and hippocampus of knockout and wild-type animals ( figure 2B ) and is consistent with stable postsynaptic PSD-95 levels in both brain regions as described above ( figure 1 C-F) . Real-time RT-PCR data further showed that the total levels of SAP97, SAPAP1, SAPAP3, Shank1, IRSp53, NR1, NR2B and GluR1 mRNAs in both neocortex and hippocampus of two weeks and two months old animals are essentially identical in FMRP deficient and wild-type mice (figure 2B and C). Only SAPAP2 transcript levels in the adult hippocampus were significantly increased in knockout animals (1,5-fold; p = 0,001, mixed models). Adult neocortical and juvenile hippocampal and neocortical SAPAP2 mRNA concentrations were unchanged in FMRP deficient as compared to wild-type mice. Thus, while an increase in hippocampal SAPAP2 transcript levels may contribute to a similar raise in SAPAP2 concentrations in Fmr1 -/-as compared to wild-type mice, the changes in the levels of other postsynaptic proteins in knockout animals described herein do not appear to result from an altered abundance of the corresponding mRNAs in the absence of FMRP.
To assess whether local mRNA concentrations at synapses may be affected by the loss of FMRP, we used total RNA extracted from both neocortical and hippocampal synaptosome fractions as a template for real-time RT-PCR. The observation that well-established dendritic transcripts, such as Shank1, SAPAP3 and αCaMKII mRNAs (18, 20, (40) (41) (42) , are strongly enriched in synaptosome fractions as compared to total brain lysates while known somatic transcripts, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), αtubulin and hypoxanthine-guanine phosphoribosyltransferase (HPRT) mRNAs (24, 41, 43) , are highly enriched in total brain homogenates in comparison with synaptosome fractions (figure 3A) shows that this method represents a valid approach to determine synaptic mRNA levels. Real-time RT-PCR analysis further revealed that synaptic levels of PSD-95, SAP97, SAPAP1, SAPAP2, SAPAP3, Shank1, IRSp53, NR1, NR2B and GluR1 mRNAs in both the neocortex and the hippocampus are essentially identical in FMRP deficient and wild-type mice ( figure 3B ). Taken together, these data suggest that the loss of FMRP does not primarily alter the total and synaptic abundance of mRNAs encoding postsynaptic scaffold proteins and glutamate receptor subunits, whereas it selectively affects the synaptic levels of particular PSD components in cortical and hippocampal neurons.
Over the recent years, consensus has been developed that FMRP most likely acts as a regulator of translation (1, 3, (5) (6) (7) . Therefore, we hypothesized that altered postsynaptic levels of scaffold proteins and glutamate receptors described herein result from a translational dysregulation of the respective mRNAs in the absence of FMRP. To evaluate this hypothesis we first performed immunoprecipitation assays with whole mouse brain homogenates to identify FMRP associated mRNAs. Western blot analysis confirmed that immunoprecipitates obtained from brain homogenates of wild-type mice using antibodies directed against FMRP (wtF-IP) and the poly(A)-binding protein (PABP, wtP-IP) indeed contain the respective antigens ( figure 4A) . FMRP was not present in anti-FMRP precipitates from knockout brains (koF-IP) and material precipitated from wild-type homogenates utilizing irrelevant IgGs (wtIgG-IP). From all four immunoprecipitates total RNA was extracted and analyzed by RT-PCR using primer pairs specific for PSD-95, BC1 and Shank1 RNAs. RT-PCR products were separated and visualized in an agarose gel (figure 4B). All three RNAs were present in the wtP-IP that served as a positive control as PABP is known to interact with all polyadenylated mRNAs and BC1 RNA (36, (44) (45) (46) . In contrast, the wtF-IP contained only Shank1 and PSD-95 transcripts but not the BC1 RNA. While this observation is consistent with previous reports showing an association of FMRP with PSD-95 transcripts (21, 22, 36) but not BC1 RNA (36) , it also shows that Shank1 mRNA is an in vivo FMRP target. Moreover, in the wtIgG-IP none of the three RNAs was detectable, thus excluding the possibility of unspecific RNA precipitation. Similarly, in the koF-IP negative control both Shank1 transcripts and BC1 RNA were absent and the PSD-95 mRNA specific amplification resulted in only a very faint product. To further assess a putative association of other RNAs with FMRP we performed real-time RT-PCR analysis with template RNA extracted from wtF-IP and koF-IP material. Similar to the negative control BC1 RNA, IRSp53 transcripts were not enriched in wtF-IP as compared to koF-IP ( figure 4C ). In contrast, PSD-95, SAPAP1, SAPAP2, SAPAP3, Shank1, NR1 and NR2B mRNA levels were about 4-to 9-fold higher in wtF-IP in comparison with koF-IP. These data suggest that in the mouse brain these transcripts represent in vivo FMRP targets whose translation is dysregulated in the absence of the RNA-binding protein. SAP97 and GluR1 mRNA concentrations were only moderately (less than 2-fold) yet significantly increased in wtF-IP and thus these transcripts do not appear to represent major FMRP associated mRNAs.
The hypothesis that FMRP regulates the translation of Shank1 mRNAs was further evaluated by performing luciferase assays in primary cortical neurons derived from Fmr1 -/-and wild-type mice. For this purpose we constructed two eukaryotic expression vectors each containing two separate genes encoding either Photinus (PhoLuc) or Renilla luciferase (RenLuc) ( figure  5A ). RenLuc encoding genes are identical in both vectors and the respective enzyme activity was used to normalize for differences in transfection rates. In contrast, PhoLuc mRNAs synthesized from both plasmids differ in their 3'UTR sequence. While pFiRe-basic derived transcripts contain a short recombinant 3'UTR, pFiRe-Shank1 encoded mRNAs instead possess the first 588 nucleotides of the Shank1-3'UTR including a cisacting dendritic targeting element (DTE) (18) . Eukaryotic expression vectors were introduced into 7 days-old differentiated neurons. One day after transfection, the primary neurons were harvested and the activity of both luciferases was determined in cell homogenates. The ratio of normalized PhoLuc (nPhoLuc) activities observed in knockout and wild-type neurons was 1,01 ± 0,6 and 1,72 ± 0,75 (figure 5B; p = 0,0004; two sided paired ttest; n = 25 and 29, respectively) for pFiRe-basic and pFiRe-Shank1 transfected cells, respectively, suggesting that FMRP represses Shank1 mRNA translation via an interaction with the 3'UTR. This interpretation provides a molecular explanation for the increased Shank1 levels in PSD fractions obtained from FMRP deficient mice.
It has been implicated that FMRP mediated translation control is regulated by metabotropic glutamate receptors (mGluR) (8-10,47-50). Thus, two-weeks old primary neurons were transfected with either pFiRe-basic or pFiRe-Shank1, incubated with the mGluR agonist (s)-3,5-dihydroxyphenylglycine (DHPG) for 10 min and harvested. Whereas DHPG treatment led to a strongly increased nPhoLuc activity in pFiReShank1 transfected wild-type neurons (figure 5C; 192% ± 91; p = 0,0078; two sided paired t-test; n = 13) it did not alter the nPhoLuc activity in corresponding knockout cells (119% ± 69; p = 0,603; n = 10). Moreover, the wild-type specific increase in enzyme activity upon mGluR stimulation was not observed in pFiRe-basic transfected neurons (71% ± 27; p = 0,084; n = 9). Taken together, these data suggest that FMRP interacts with the 3'UTR of Shank1 mRNAs to repress translation, a block that is abolished after mGluR activation.
DISCUSSION
In humans and mice, loss of FMRP causes changes in dendritic spine morphology and synaptic function (1,2,51,52 ). It has been hypothesized that in dendrites FMRP locally controls the synthesis of proteins, such as components of the PSD, which regulate both cellular events (1) (2) (3) (4) (5) (6) (7) (8) (9) . A crucial question is, which postsynaptic proteins are affected by the loss of FMRP in a quantitative manner. Here, we specifically focused our analysis on the postsynaptic pool of proteins by investigating PSD preparations derived from the mouse brain. PSD fractions were selectively prepared from the neocortex and the hippocampus, respectively, brain regions in which the loss of FMRP causes abnormal dendritic spine development (51, (53) (54) (55) and impaired synaptic plasticity (8) (9) (10) 50, (56) (57) (58) (59) .
Alterations in the composition of synaptic glutamate receptors have been suggested as a principal cellular mechanism for cognitive impairment (60, 61) . Accordingly, we show here that in FMRP deficient mice the postsynaptic levels of the glutamate receptor subunits NR1 (neocortex and hippocampus), NR2B (hippocampus) and GluR1 (neocortex) are increased. Our data further indicate that NR1, NR2B and GluR1 mRNAs are in vivo mRNA targets of FMRP. However, as the loss of FMRP affects neither the total nor the synaptic concentration of these transcripts, FMRP may rather regulate their translation.
In contrast to the glutamate receptor subunits, the postsynaptic levels of SAP97 were found to be strongly decreased in the neocortex of Fmr1 -/-mice as compared to wild-type animals. Yet, both cytoplasmic and synaptic levels of the respective mRNAs are unchanged in the absence of FMRP, suggesting that FMRP enhances the translation of SAP97 transcripts. Consistently, it was recently shown that FMRP can also act as a translational activator (62, 63) . In both the neocortex and the hippocampus, postsynaptic levels of two scaffold proteins related to SAP97, namely PSD-95 and SAP102, were found to be identical in wild-type and FMRP deficient mice. Despite the fact that PSD-95 and SAP102 deficient mice exhibit impaired learning (64, 65) and functional loss of SAP102 results in mental retardation in humans (66) , our data suggest that both proteins do not significantly contribute to the learning disabilities of FXS patients. Interestingly, we and others have identified PSD-95 mRNA as an in vivo FMRP target (21, 22, 36, 67) . Zalfa et al. (2007) (22) recently reported that through this interaction FMRP selectively stabilizes the PSD-95 mRNA in the hippocampus but not the neocortex, thus causing reduced hippocampal levels of PSD-95 mRNA and protein in FMRP deficient mice. However, here we did not observe any quantitative changes in both cytoplasmic and synaptic PSD-95 mRNA concentrations and postsynaptic protein levels in the absence of FMRP, neither in the neocortex nor the hippocampus. In accordance with this observation, Muddashetty and colleagues described identical dendritic and synaptic PSD-95 mRNA levels in primary neurons from Fmr1 -/-and wild-type mice (21) . Thus, while several reports, including this manuscript, strongly support an in vivo interaction between FMRP and the PSD-95 mRNA (21, 22, 36, 67) , the cellular consequences of this association remain ambiguous.
Increased postsynaptic SAPAP2 levels in the hippocampus of adult FMRP deficient mice appear to be at least partially due to a slight but significant increase in the concentration of the respective mRNA, indicating that FMRP may enhance SAPAP2 mRNA turnover. Furthermore, despite unchanged cytoplasmic and synaptic levels of the corresponding transcripts, SAPAP1 and SAPAP3 are more abundant at neocortical and hippocampal synapses of adult Fmr1 -/-mice, respectively. Consistently, an elevated SAPAP3 concentration was also observed in hippocampal lysates of FMRP deficient mice (68) . In here, we also show that mRNAs encoding SAPAP1-3 are in vivo brain targets of FMRP. Noteworthy, another study ranks SAPAP3 and SAPAP4 transcripts among the eleven most prominent mouse brain mRNAs associated with FMRP (69) . Also, very recently FMRP was shown to regulate activity-dependent transport of SAPAP4 mRNAs into dendrites (70) . In conjunction with our observations these data suggest that FMRP regulates the translation and/or dendritic trafficking of all four SAPAP mRNAs. The recent finding that SAPAP3 deficient mice exhibit a phenotypic behavior reminiscent of obsessive-compulsive disorder in humans (71) underscores the particular significance of these scaffold proteins for the correct functionality of the synapse and further supports the hypothesis that deregulated levels of SAPAPs contribute to FXSassociated synaptic dysfunctions. An increased postsynaptic abundance of IRSp53 in FMRP deficient brains may play a similar role in FXS pathogenesis as both IRSp53 and SAPAPs are capable to connect PSD-95 to Shank scaffold proteins (32) . In accordance with this hypothesis, IRSp53 deficient mice exhibit impaired learning (72, 73) .
We further identified Shank1 mRNAs as additional in vivo targets of FMRP. Again neither the cytoplasmic nor the synaptic Shank1 transcript levels are altered in the absence of FMRP in both the neocortex and the hippocampus. These results are consistent with the finding that Shank1 mRNA levels are identical in primary hippocampal neurons prepared from Fmr1 -/-and wild-type mice (22) . FMRP therefore does not appear to regulate the stability of Shank1 transcripts. The prevalent view in FXS is that excess protein synthesis at synapses causes synaptic dysfunction and cognitive impairment (2, 8, 9) . This hypothesis is consistent with our observation that the postsynaptic levels of proteins investigated herein, if altered, are primarily increased. Moreover, we show that via an interaction with the proximal 588 nucleotides of the Shank1 3'UTR FMRP diminishes mRNA translation in primary neurons at basal state. Consistently, we observed increased Shank1 levels at both cortical and hippocampal synapses of FMRP deficient mice. In addition to excess translation of FMRP target mRNAs at basal state it is generally assumed that FMRP deficiency impairs the activity dependent regulation of synaptic protein synthesis (2, 8, 9) . Accordingly, mGluR stimulation enhanced the translation of reporter mRNAs containing the proximal part of the Shank1 3'UTR in wild-type, but not in FMRP deficient primary neurons. Taken together our data suggest that while FMRP does not regulate the abundance of Shank1 transcripts in neurons, its deficiency results in both an excess basal and a loss of mGluR induced Shank1 mRNA translation. Altered translational regulation of Shank1 transcripts in particular may contribute to the FXS pathology, as Shank1 strongly affects spine morphology (74) . In fact, when overexpressed Shank1 can induce aberrant spine formation along otherwise spineless dendrites (75) . In FXS patients, elevated PSD levels of Shank1 may thus stabilize spines, which are normally lost during maturation and pruning of synapses. The view that Shank1 levels need to be maintained within a very narrow range in order to ensure physiological synapse function is supported by the observation that loss of only one copy of the SHANK3 gene in humans causes mental retardation as observed in conjunction with the 22q13 deletion syndrome (76, 77) . Shank proteins regulate the size and shape of dendritic spines due to their capacity to directly interact with many different PSD components and are assumed to represent master scaffold proteins of the PSD (11) . Thus, we hypothesize that the observed increase of Shank1 levels at synapses resulting from the cellular loss of FMRP strongly interferes with the mental capacities of FXS patients. Fig. 1 . In the mouse neocortex and hippocampus, FMRP loss leads to altered levels of select scaffold proteins and receptor subunits in the PSD. 
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